Generation of a coherent superposition state on demand 
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We propose an experimentally feasible scheme to generate a superposition of travelling field co- 
herent states using extremely small Kerr effect and an ancilla which could be a single photon or two 
entangled twin photons. The scheme contains ingredients which are all within the current state of 
the art and is robust against the main sources of errors which can be identified in our setups. 
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It has been a long dream for many physicists to pro- 
duce a superposition of coherent states | ± 7) which are 
180° out of phase with respect to each other 

l*)±=AA±(|7)±|-7)) (1) 

with normaUzation factors J\f±. The motivations of 
such the dream are manifold. Firstly, among the pure 
states, this is arguably the most closely related to the 
Schrodinger's cat paradox Q^, which is one of the most 
profound and elegant examples of controversial behavior 
of the quantum world. In the paradox, a superposition of 
two macroscopic classical objects are quantum mechani- 
cally superposed. A coherent state is meant to describe a 
field which is classically considered to be stable light 2] 
and a superposition of two distinct coherent states has 
been theoretically shown to manifest various nonclassical 
properties 0| . Secondly, the coherent superposition state 
is the most important ingredient for many applications 
of quantum information processing (QIP) with a coher- 
ent state, including teleportation ^^j, computation ^ and 
precision measurement 6J. 

Despite some success in creating such a state within 
high quality-factor cavities in the microwave [vl and in 
trapped -ion systems in the optical domains |^ , it has al- 
ways been seen as an extremely challenging task to gen- 
erate the free propagating coherent superposition state 
in Eq. |^ while nearly all the coherent QIP applications 
are proposed for the propagating field. Recently, a con- 
ditional production of coherent superposition states was 
studied 0, 0| . Also, mechanisms based on the use of 
giant engineered nonlinearity via particular interaction 
regimes between matter and light (i.e. electromagneti- 
cally induced transparency) have been put forward in or- 
der to generate nonclassical states of travelling fields ■ 

As early as 1986, Yurke and Stoler, in their semi- 
nal work, proposed to generate a coherent superposition 
state using a Kerr nonlinearity whose interaction 
Hamiltonian is Hq = hX^n^, where Aq is the rate of non- 
linearity and iia is the photon number operator of the 
field mode. However, this has never been realized because 
of the rate Ao being extremely low. While the nonlinear 
coupling Aoi with its coupling time t has to be about 7r/2, 
the currently achievable experimental value is less than 
one hundredth of it. 



In this paper, we propose an experimentally feasible 
scheme to produce a free propagating coherent superpo- 
sition state with extremely low Kerr nonlinearity. An- 
other important point of our proposal is that its success 
is not conditional so that we get the coherent superposi- 
tion state at every run. This may be compared with other 
quantum manipulation schemes [l^ where high nonlin- 
earity is generated conditionally, requiring far too many 
resources so that the corresponding efficiency has been 
largely questioned. 

Inspired by the quantum nondemolition measure- 
ment recently Nemoto and Munro ^3 have pro- 
posed a scheme to perform quantum computation using 
the cross Kerr nonlinearity, whose evolution operator is 
given by UcK = e"^"""'' , which affects the phase of system 
depending on the photon numbers of two modes a and 
h {hi, is the photon number operator for mode b.). Here 
the parameter has been defined as the corresponding 
cross-Kerr nonlinear rate A times the interaction time t: 
(j) = Xt. The scheme in also uses a coherent state as 
a bus for gate operations between logical qubits of hor- 
izontal \1h) and vertical |ly) modes of a single photon 
state. Let us assume that mode a is in a coherent state 
of its amplitude a and mode 6 in a single photon state of 
vertical or horizontal polarization, then as the coherent 
state \a) = e"'"' Z]i^o('^"/'^/"^)l"')' action of 
the cross-Kerr nonlinear coupling, the system of modes 
a and b becomes to be in 

UcK\a)a\l)b^\ae''^)a\l)b, (2) 

regardless of the polarization of b. By the action of the 
cross-Kerr coupling, the coherent state is rotated by 4> in 
phase space. 

Our proposal to generate a coherent superposition 
state is depicted in Fig. 1. First, for mode b we prepare 
a single photon state in a superposition of horizontal and 
vertical polarizations as (l/-\/2)(|l_f/)-|-|ly)). A coherent 
field of amplitude ^/2a is splitted equally into two modes 
al and a2 by a 50:50 beam splitter (BS). Modes al, a2 
and b are then initially in ^|q;, Q;)Qi,a2(|lff)6 + |lv)fc)- 
If the single photon is horizontally polarized, it will pass 
through the polarization beam splitter (PBS) and cross- 
Kerr interact with mode al. This will rotate the phase 
of the coherent state in mode al as shown by Eq. |5J). 




FIG. 1: Schematic diagram to generate a coherent superpo- 
sition state using a single photon and a strong coherent field 
with an extremely low Kerr nonlinearity. The lines with two 
circles at the ends denote Kerr interaction. BS: beam splitter. 
PBS: polarization beam splitter. A 45° polarization rotator 
and two photodetectors are also shown. 



Analogously, if the single photon is vertically polarized, 
it will be reflected by the PBS and mode a2 instead of al 
will be rotated. The state of the all three modes is then 



1 



V2 



{\a', a, lH)al,a2,b + \ot, a', lv)al,a2,b) , (3) 



where a' = ae*"^ . By the 45° rotation of the polarization 
for the single photon, \1h) and 

~ Thus after the 45° rotation, the total 

modes are in 



2 [(I"'' ")al,a2 + |a, a')alM2)\'^H)b 
+ i\a' ,a)al,a2 - |a, a')al,a2)|ly)6] 



(4) 



After PBSj^ we measure the polarization of the photon 
in mode b. If the photon is detected in horizontal polar- 
ization we know that modes al and a2 are in a so-called 
entangled coherent state 

\^H)al,a2 = -^[{W , a)al,a2 + !«, a')al,a2)- (5) 

If the photon is vertically polarized, another entangled 
coherent state is produced 
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y/al,a2 



: 7V1(|q:', a)al,a2 - |a, a')alM2), (6) 



where Af'± are normalization factors. The class of en- 
tangled coherent states is per se very useful and interest- 
ing (5il.lll|. Here, however, we do not want to overempha- 
size the production of these states. As <C 1, unless a is 
very large, the overlap |(a|a')| is nearly unity so that the 
characteristic properties of entanglement appears only for 
a large a. In this case, the decoherence is extremely fast 
as it depends on a Q and for such a large ainplitude, 
revealing a quantum effect is not a trivial task 



Now, let us consider the case of the single photon de- 
tected in horizontal polarization. Taking modes al and 
a2 of \^H)ai,a2 to two iuput ports of a BS, we find at the 
two output ports ol and o2 the state 



where 
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(7) 



^^^) = — cos(/)) — sint/)). We take a rea- 

sonable value for w 2 X 10^^ without having to consider 
dispersion 5, ^13J and, in this limit, wc use the Taylor ex- 
pansion of the trigonometric functions. By the approx- 



imation O(02), |(a - a')/V2) 



ia(j)/V2) = |70), 



where we assumed that —ia/^/2 — 7 and a is imag- 
inary (7 real) without a loss of generality. Similarly, 
I (a' — a)/V2) « I — 70). We have successfully gener- 
ated a coherent superposition state 1^*+) in Eq. at 
the outport 2 of the BS (Fig. Analogously, when the 
single photon is detected in vertical polarization, a co- 
herent superposition state l^*-) is generated. 

For the QIP application, we need 7 around 2 for which 
\a\ « 10^ is required. As a typical laser field has its inten- 
sity higher than 10^ per mode '^l, this is easily achievable 
by putting a neutral density filter. Any negativity in the 
Wigner function is taken as an important signal for the 
nonclassicality of the field When 7 is 2, the Wigner 
function at the origin of the phase space is around -0.5 
which is already a very significant value. Our condition 
may be compared with Nemoto and Munro's condition, 
70^ ^ 1 for the success of their qubit operations 0| . 

In Fig. [3 we show another scheme to generate a co- 
herent superposition state. This scheme shares the same 
spirit as the one described in Fig.^but, instead of a single 
photon, an entangled twin photons, which is becoming a 
standard device at a quantum optics lab, are used. Con- 
sider that the the twin photons are created in a singlet 
state \ips) = ly)fci,62 - li/)fci,62)/V2 of modes 
61 and b2 and a coherent field is beam splitted equally 
into modes al and a2, then before their nonlinear inter- 
action, the state for the total system is |</3)f,i,b2|Q!, a)ai,a2- 
The singlet resource may be generated by using, for in- 
stance, a Type II spontaneous parametric down conver- 
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FIG. 2: Coherent superposition state generated by an entan- 
gled pair of photons and a low Kerr nonlinearity. The legend 
is the same as Fig. Q 
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sion process, which is nowadays routinely implemented 
in laboratory By the action of the nonlinear 

couplings, the state becomes (|lif)&i|a')ai|ly)b2|Q:)a2 - 
|lv)bi|a)ai|l//)62|a')a2)/V2- After the 45° rotation of 
the polarization for each of the twin photons as shown in 
Fig. 2, the state transforms to 

:^kt)f)l,b2 [{W ,a)al,a2 " |a,a')al,a2) 



o2 is thus found to be in the state 



■\'Ps)blM{\a' ,a)al,a2] + |a, a')al,a2) (8) 



where \ipt) = Ih) - |lvly))/V2. We then measure 
twin photons after they pass through a PBS. By counting 
photons only in one of the detectors, we know that the 
field in modes al and a2 is in state \^h) of Eq. lO and 
by counting photons at the both photodetectors, it is in 
\^v)- Now, the rest of the process is exactly the same as 
the case for Fig. 1. 

In this paper, we have shown experimentally feasi- 
ble schemes to generate an extremely nonclassical state. 
In the single-photon implementation case, our scheme 
should be robust against the photon loss or the ineffi- 
ciency of the photo detector as the success of the scheme 
is triggered by the photodetection. If the single photon 
is lost during the process or at the detection, no pho- 
tons will be detected and we have to start a new process. 
Thus, this will not be a source of error even though it 
will cause inefficiency in the generation of the coherent 
superposition state. Obviously, in the twin-photon imple- 
mentation case, as \^h) and \^v) £^re determined by not 
detecting a photon in one side, there is a chance that we 
wrongly predict the final state between \^+) and l^*-). 
For the case of dark counts, we have more serious problem 
but the contribution from the dark count can be reduced 
by properly designing the experiment, for example by 
narrowing the photodetection time window, choosing a 
right frequency and lowering the operating temperature. 
Another source of imperfection can come from the un- 
certain Kerr nonlinearity. With reference to Fig. ^ for 
example, the two different Kerr interactions could last 
for not equal interaction times, so that the two modes al 
and al acquire different dynamical phases. Analogous 
reasoning holds for Fig. 12 where the two different Kerr 
materials could induce this very same sort of imperfec- 
tion. In order to fix the ideas, in what follows we refer 
to the scheme in Fig. ^ This nonideality will lead us 
to the (un-normalized) entangled coherent state, after a 
detection which has revealed a horizontal polarization of 
the ancillary mode 6, 



(9) 



Here, a' is defined as in Eq. (j^J while a" = ae^"^ with 
(yj = + e and e is assumed to be a small difference 
between the two dynamical phases (i.e. e <C 0). After 
the second BS in Fig. ^ and regardless of mode ol, mode 
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(10) 

where is a proper normalization function and h.c. 
stands for hermitian conjugation. In order to test the 
robustness of our scheme to this imperfection, we have 
calculated the fidelity between po2 and the (properly nor- 
mahzed) desired superposition I )o2 + I )„2- For 



V2 ' I V2 

e as large as 10% of 0, the fidelity is still larger than 0.95, 
revealing a good resilience of the protocol to asymmetries 
in the Kerr interactions. 

In conclusion, we have shown simple schemes for the 
deterministic generation of a coherent superposition of 
two macroscopically distinguishable states of traveling 
wave fields. Both the suggested schemes rely on experi- 
mentally achievable requirements and are, thus, immedi- 
ately realizable in optical laboratories. Once a coherent 
superposition state is produced as an off-line resource 
coherent quantum information processing can be imple- 
mented with only linear optical components. 
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